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In this paper, we numerically studied the effects of mechanical vibration and magnetic fields on evaporative cooling
process carried in space station by direct simulation Monte Carlo method. Simulated with the vibration data of interna-
tional space station, we found that the cooling process would suffer great atomic losses until the accelerations reduced
tenfold at least. In addition, if we enlarge the s-wave scattering length five times by Feshbach resonance, the PSD
increased to 50 compared to 3 of no magnetic fields situation after 5 seconds evaporative cooling. We also simulated
the two stages crossed beam evaporative cooling process (TSCBC) under both physical impacts and obtain 4× 105
85Rb atoms with a temperature of 8 pK. These results are of significance to the cold atom experiments carried out on
space station in the future.
I. INTRODUCTION
Pursuing further low temperatures has always been an im-
portant goal of ultracold atomic physics. Due to the influ-
ence of gravity, the conventional evaporative cooling process1
cannot obtain a lower temperature by infinitely reducing the
frequency of potential well. Generally, the temperature of or-
der nanokelvin scale can be obtained2. Even if the gravity
is balanced by magnetic levitation on the earth, it is diffi-
cult to further reduce the temperature significantly. For ex-
ample, in 2003, Ketterle’s group cooling atoms by evapo-
ration and thermal diffusion under magnetic levitation con-
ditions to obtain 450 pK temperature3, while in 2015, Ka-
sevich’s group obtained 45 pK transverse temperature by a
transverse DKC cooling method4. In order to get the low
temperature of pK or even fK level, researchers have chosen
to carry out experiments in microgravity environment in re-
cent years to overcome the influence of gravity. These ex-
periments include tower drop experiments (10−5g, QUAN-
TUS, 2010, 2011)5,6, sounding rocket experiments (10−5g,
MAIUS 2015,2016)7,8, parabolic flight experiments (10−2g,
ICE, 2010)9, NASA CAL team’s experiments on the Inter-
national Space Station(10−6g, 2016, 2018)10,11 and Chinese
space station experiments scheduled for 2022. At the same
time, a variety of deep cooling methods suitable for micro-
gravity environments have emerged. The most typical two are
the Delta Kick Cooling method (DKC) appeared in 199712
and the Two Stage Cross Beam Cooling method (TSCBC
simplified to TSC) carried in all-optical trap13–16. The TSC
method was proposed by the PKU research team in 2013 and
verified by ground experiments at 201817. All these exper-
iments and the emergence of new cooling mechanisms show
the unanimous acceptance of cold atom experiments in micro-
gravity environment. This paper takes the space station as an
example to discuss how to obtain lower temperature in micro-
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gravity environment.
Besides many advantages such as good microgravity en-
vironment, unlimited experimental time, a spacious experi-
mental space, there are still problems involving experiments
in the space station. Mechanical vibration is the one must
be taken into consideration. In general, vibrations have two
effects mainly. First, the experimental devices may be dam-
aged by severe vibration, which can always be avoided by
engineering methods; Second, vibrations may interfere with
the mechanism of cooling. Therefore, we use a numerical
method to study the cooling process of rubidium atomic gas
system under weak vibration during the operation phase of the
space station. Using Direct Simulation Monte Carlo (DSMC)
method18, we consider the influence of the weak disturbance
of the electromagnetic field caused by vibration on the me-
chanical motion of atoms and the change of potential well
boundary. Based on the acceleration data19 of the Interna-
tional Space Station (ISS), we simulated the evaporative cool-
ing process and found that the vibration caused serious atomic
number loss, especially in the low-frequency range. We will
elaborate on this in the second section.
FIG. 1. Acceleration Data19 of International Space Station(ISS)
Shortening the degeneracy process by increasing phase
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2space density (PSD) makes sense for ultra-cold physics exper-
iments under vibration conditions. Through numerical simu-
lation, we find that evaporative cooling with magnetic field
regulation by Feshbach resonance20 can greatly increase the
PSD, thus achieving quantum degeneracy faster. In the third
section, we will elaborate on the relationship between the ex-
ternal magnetic field, the scattering length of s-wave and the
phase space density near Feshbach resonance. In the fourth
section, we will simulate the TSC process under the influence
of mechanical vibration of the space station and external mag-
netic field and finally obtained 4×105 degenerate 85Rb atoms
with a temperature of 8 pK.
II. SIMULATION OF MECHANICAL VIBRATIONS
EFFECTS
During normal operation phase of the space station, there
are lot of mechanical vibration sources with different fre-
quency. The working mechanical equipment, the flowing liq-
uid and gas for environment controlling, and even flight atti-
tude adjustment could result in weak vibration. We consulted
micogravity environment data (Figure1) from NASA about
the international space station(ISS) to simulate vibration in-
fluence. We simplified the problem and assumed that the vi-
bration which atom ‘feel’ is totally transmitted from space
station cabinet where the cold atom experiment platform in-
stalled, and every parts of the platform works well. So that
mechanical vibration cause only the trap shaking as a whole
without any geometry distortion. Therefore, we believe that
the movements of atoms in the optical dipole trap with ex-
ternal mechanical vibrating affection is a typical base exited
forced vibration, comply with the equation as follows
x¨+ω20 x = Aω
2
0 sin(ωt+φ0) (1)
where x(t) represent the displacement of the particle, ω0 is
for the frequency of trap, and the external vibration frequency
depicted by ω . During time interval dt, the displacement of
the particle and corresponding velocity will be
x(t)+dx =− Aω
2
0
ω2−ω20
sin(ωdt+φ0)+
v0
ω0
sinω0dt
+ x0 cosω0dt+
Aω0
ω2−ω20
[ω0 cosω0dt+ω sinω0dt]
(2)
v(t)+dv =− Aω
2
0ω
ω2−ω20
cos(ωdt+φ0)+ v0 cosω0dt
− x0ω0 sinω0dt+ Aω
2
0
ω2−ω20
[ω cosω0dt−ω0 sinω0dt]
(3)
The mechanical vibration affected cooling process could be
described also by quantum perturbation theory. The Hamilto-
nian is
H =
P2
2m
+
1
2
mω2x [x− εx(t)]2 (4)
where εx(t) is fluctuation of the trap center. The theoretical
calculation of loading atoms in a shaking trap with constant
trap depth U0 given a result that the mean energy of atoms
approaches a constant value 0.36 U021 when system become
stable. We simulate a similar heating process in which 4.7×
104 87Rb atoms at 4.5 µK loaded in a crossed beam ODT with
1100 µK depth under 882 Hz external mechanical vibration.
The final temperature become 340 µK and equal to 0.31 U0.
These have verified our simulation model.
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FIG. 2. 4.7× 104 87Rb atoms at 4.5 µK heating by 882 Hz me-
chanical vibration in a crossed beam ODT with 1100 µK trap depth
In the numerical simulation of mechanical vibration, we
scan the frequency according to acceleration spectrum of ISS
and study the responses of 5 seconds evaporative cooling pro-
cess to vibrations. At the beginning, 7.5× 105 87Rb atoms
with 10 µK temperature were loaded in an optical dipole trap
(ODT) built by two crossed beams with 60 µm waist and 1064
nm wavelength both17. During the runaway evaporative pro-
cess, the power of the beam is gradually reduced from 10 watts
in 5 seconds. Power changed according to a nonlinear curve:
P(t) = P0×
(
1+
t
τ
)β
(5)
I Two coefficients equal to τ = 0.03, β = 2.78. P0 repre-
sent the initial power, and the corresponding trap frequency
is ωx,y,z = 2pi × (883,883,1248) Hz. Z axis is vertical to the
crossed beam. According to our intuition, mechanical vibra-
tions work as a source of energy inputted in the cold atoms
system will heat the atoms and get higher temperature. But
the simulation results (Figure3) show that there are hardly
influence from the vibrations on the temperature of the sys-
tem at the end of cooling if there still exist massive atoms in
the trap. As an open system, the cold atom gas lost atoms
and energy from time to time during the evaporative cooling.
Therefore, the additional energy from vibration which trans-
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FIG. 3. Vibrative affection analysis according to the original acceleration spectrum of international space station: (a) Temperature and (b)
Number of 87Rb atoms after 5 Seconds evaporative cooling.
TABLE I. Probability (Pr) of Serious Atomic Losses
Freq (Hz) Pr(%) @1Xa Pr(%) @0.1Xb Pr(%) @0.01Xc
0.1∼ 0.9 27 29 22
1∼ 10 27 21 7
11∼ 20 27 6 2
21∼ 30 27 0 0
31∼ 40 25 0 0
41∼ 50 10 0 0
51∼ 60 11 2 0
61∼ 70 0 1 0
71∼ 80 6 1 0
81∼ 90 0 1 0
91∼ 100 7 1 0
101∼ 200 < 2 0 0
a ‘1X’ for original accelerations of ISS data.
b ‘0.1X’ for one tenth.
c ‘0.01X for one per cent.
mitted into the optical trap is also lost, and the system temper-
ature mainly depends on the variation of ODT depth during
the cooling process.
Another obvious result is about the number of atoms after
5 seconds evaporative cooling. We simulated over 20 times in
each single frequency from 0.1 Hz to 200 Hz with 1 Hz step
(above 1Hz) in the acceleration spectrum. The vast majority
of the cooling processes finally reached 50nK and the number
of atoms (Figure3) locate in the range from 2× 104 to 2.8×
104 with a standard deviation of 6× 103. So we can define
a ‘serious atom loss’ when the final number less than 1.8×
104. But in the low vibration frequency band, some processes
got only thousands of atoms in the trap and even less. There
are 27% cooling process suffered serious atom losses which
frequency under 50Hz and less 2% in the range of 100 Hz to
200 Hz( TableI ). In the lower frequency band, the simulation
shows that mechanical vibrations ‘threw’ out too many atoms
from the trap as the heating.
If we reduce the vibration acceleration below 50 Hz by 10
times, only 6.5% of the cooling process will suffer serious
atomic number loss( Figure4(a) ); if we reduce the accelera-
tion by 100 times, 3.6% of the cooling process will suffer seri-
ous atomic number loss ( Figure4(b) ). In this low-frequency
range, the optical dipole trap has a large vibration displace-
ment relative to the size of the optical trap. If there are signif-
icant amounts of hot atoms near the boundary of ODT trap, it
will be a large opportunity for serious atom loss, especially in
the late period of the cooling where optical dipole trap main-
tain very low trapping frequency. Conversely, in the high-
frequency band, the vibratory amplitude is smaller, so that the
probability of atom losses become lower. Facts that the sup-
pression of acceleration results in lower atom losses indicates
that great affords should be taken to reduce the acceleration
by tenfold at least in the range 1 Hz to 100Hz. Detailed simu-
lation results of atomic quantity can be found in the TableI.
III. SIMULATION OF MAGNETIC TUNED EVAPORATIVE
COOLING PROCESS
With the development of optical lattice technology, ultra-
cold atomic system have become convenient and powerful
quantum simulators nowadays. Therefore, it is more impor-
tant to achieve high quantum degeneracy in addition to lower
the temperature. As a direct reflection of the quantum degen-
eracy process, increasing the phase space density (PSD) as
soon as possible will shorten the process to obtain BEC, and
is also conducive to subsequent experiments such as quantum
phase transition. Here we first briefly analyze the mechanism
by which the magnetic field regulates the inter-atomic scatter-
ing length to increase the PSD and then show the simulation
results using the DSMC method.
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FIG. 4. Vibrative affection analysis according to the reduced acceleration spectrum of the international space station: number of atoms after 5
seconds evaporative cooling. (a)for one-tenth of original accelerations and (b) for one hundred times smaller accelerations
A. Brief analyses of the mechanism of Magnetic Tuning
It can be seen from the relation ρ ∼ NωxωyωzT−3 that
the phase space density ρ of the atomic system in an opti-
cal trap is determined by the trapping frequency, the number
of atoms and the temperature. Maintaining a higher number
of atoms and lowering the final temperature of a cooling se-
quence (keeping the same ωxyz variation process) is good for
increasing the PSD value.
Specifically, the mechanism of evaporative cooling is due
to losing high energy atoms from trap to lower the system
temperature. The lost energy during time interval ∆t can be
expressed as ∆Eevap =−NLE∆t, where NL represent the num-
ber of lost atoms and E denotes the average energy per atoms.
Thus, if a small number of high-energy atoms escaped, the
atomic system could simultaneously lower the temperature,
maintain a higher number of atoms and finally obtain a larger
PSD value.
Simply put, a higher elastic scattering rate can achieve con-
ditions above which help to obtain higher PSD. We know that
the cooling process is not in equilibrium and the energy dis-
tribution of the atoms deviates from the Maxwell distribution
law. During the cooling process, more atoms are distributed
in a relatively high energy range. With the escaping of these
large amounts of energetic atoms, the system will be cooled
but obtained a relatively small PSD. Therefore, we could in-
crease the rate of elastic scattering between atoms in evapora-
tive cooling to reduce the relaxation time, so that the atomic
distribution is closer to the Maxwell-Boltzmann distribution.
At this point, the escape of these relatively few high energy
atoms will increase the PSD and effectively reduce the system
temperature.
For cold and ultra-cold atomic gas systems, the interaction
between particles is depicted as low-energy s-wave scattering
mainly. From the relation Γ= 8pia2, where Γ denotes the elas-
tic scattering rate and a for s-wave scattering length, we can
easily notice that the larger scattering length the more elastic
collisions in one time of collision. So, if we precisely tune a,
it is possible to accelerate degenerate process. Near a Fesh-
bach resonance, the s-wave scattering length between atoms
can be manipulated by an external magnetic field B, and the
relationship between them is as follows22:
a(B) = abg
(
1− ∆
B−B0
)
(6)
The background scattering length, which is denoted as abg,
lies far from resonance center in frequency spectrum and
weakly dependent on the external magnetic field. ‘∆’ repre-
sent the Feshbach resonance width and B0 denotes the reso-
nance position.
B. Results of PSD Increment by Magnetic Tuning
There are many resonances for certain kind of atom gas in
a large magnetic field range and it is important to select a suit-
able Feshbach resonance to carry out experiments. In addition
to the scattering properties of atoms, the technical difficul-
ties in experiments also need to be carefully considered. For
example, a higher magnetic field requires higher current for
coils, while a narrow resonance width harm to a fine adjust-
ment of the s-wave scattering length.
For 87Rb, there are more than 40 resonances in the range
of 0.5G to 1260G23. The broadest resonance (∆= 0.17G) lo-
cated at 1007G for state |1,1〉. It is very high magnetic field
but narrow width. The three-body inelastic collision rates K3
here is quite larger (K3 ∼ 10−27cm6/s)23, compared to zero
magnetic field case (K3 = 8.3× 10−30cm6/s). It is quite dif-
ficult for experimental implementation. But magnetic tuning
of interactions between 85Rb atoms are much convenient be-
cause of a weaker magnetic field for resonance with a large
resonance width at 155Gauss24. Usually, a lower magnetic
field requires a lower magnetic field noise caused by the cur-
rent. At the same time, a wider resonance (∆ = 10.7G) for
85Rb atoms at hyper-fine state |2,−2〉 needs an easier current
control24–26.
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FIG. 5. Analysis of magnetic tuning affection: responses of (a)phase space density and (b)temptrature to the varied s-wave scattering lengths.
Similar to the study of effects of vibration above, we sim-
ulated the magnetically tuned evaporative cooling process of
87Rb atomic gas for 5 seconds. The optical dipole trap set-
ting, the laser power variation curve, the atomic quantity and
the system temperature are the same as those of the aforemen-
tioned vibration studies.
Generally speaking, the simulation results demonstrate that
the increased s-wave scattering lengths due to magnetic tun-
ing will increase the number of atoms in optical dipole trap
( TableII ) and result in larger phase space densities ( Ta-
bleII, Figure5(a) ), but a slightly different temperatures ( Ta-
bleII, Figure5(b) ) at the end of evaporative cooling. Without
any magnetic bias, scattering length equal to a(0) ≈ abg =
100.44a027, the 5 seconds cooling eventually get 2.6× 103
atoms at 60.4 nK without any condensate ( Figure6 ). Merely
tripling scattering length, in which the system degenerated,
got about 1× 105 atoms condensate and PSD up to 3.1 com-
pared with 0.7 without magnetic fields. The simulations also
show that if we extend the scattering length extremely to
10 times that of the non-magnetic field, the temperature is
slightly reduced but the PSD reaches 45.4 ( TableII ), which
is nearly 60 times expanded. Of course, with such a large
scattering length, the condensate is very unstable.
TABLE II. Simulation of Magnetic tuned Evaporative Cooling Pro-
cess.
Scattering Length Temperature (pK) Number of Atoms PSD
abg 604 2583 0.7
2abg 600 4868 1.4
3abg 573 9677 3.1
4abg 537 16337 6.5
5abg 499 23607 11.6
6abg 466 28166 17.0
7abg 437 31781 23.3
8abg 411 35169 31.0
9abg 393 36302 36.7
10abg 372 38292 45.4
Title
PS
D
0.1
1
10
Time (s)
0 1 2 3 4 5
abg
3abg
5abg
FIG. 6. Analysis of magnetic tuning affection: responses of phase
space density to three different scattering lengths (abg,3abg,5abg)
IV. SIMULATION OF TSC PROCESS IN SPACE STATION
Numerical studies show that the Two Stage Crossed Beam
Cooling (TSC) method can be used to cool the 87Rb atomic
system to an ultra-low temperature of 7pK in an ideal micro-
gravity environment16. The effectiveness of the TSC method
is also experimentally confirmed on the ground with the mag-
netic levitation method17. In this paper, we numerically stud-
ied the TSC cooling process with 85Rb atoms for deep cool-
ing considering the effects of the actual microgravity environ-
ments in space station and external magnetic fields. Specif-
ically, we simulated three TSC cooling process with same
time sequence of the 87Rb atomic system under three different
cases. First, ‘normal’ cooling process without external mag-
netic field and vibration. Second, magnetic tuned process with
scattering length (a = 7abg) and no vibration. Third, cooling
with vibration from 1 Hz to 2000 Hz (randomly appearing)
and magnetic tuned scattering length(a = 7abg).
The 15 second typical TSC cooling process under these
three cases can be divided into two stage. The first stage
6belongs to a 5 seconds runaway evaporative cooling process
and the second is a adiabatic diffusing cooling process in
10 seconds. Correspondingly, the tight-confining optical trap
of the first stage are built by two orthogonal beams with 60
um width, 1064 nm wave length, and an initial power of 12
W. The wide-bonded optical trap of second stage consists of
two orthogonal beams with 350 um waist and 650 mW ini-
tial power. Two nonlinear coefficients have different values
for two process, which is τ1 = 0.03 β1 = 2.36, τ2 = 0.01
β2 = 1.19. There are 7.5×105 85Rb atoms with 10 µK tem-
perature after optical molasses phase.
The results are shown in ( Fig.7 ), in which the temper-
atures are almost similar in three cases. The final tempera-
tures achieve 12.3 pK for normal process, 8.6 pK for mag-
netic tuned process and 8.1 pK for the case of magnetic tuning
and mechanical vibration affected( Figure7 (a) ). In the first
stage of runaway evaporation cooling, magnetic tuned process
with or without vibration have tiny difference, that is about
2.3nK and 2.5nK , compared with 5.2nK in the normal pro-
cess. These results would remind us again that temperature
variation is dominated by trap depth mainly.
Although the huge disparities of PSD curves ( Figure7 (b) )
could explain for the tiny difference about temperature, but the
faster finishing of degeneration is of great importance. With-
out magnetic field, the PSD at end of first stage result in 1.9.
In contrast, the other two processes with enlarged scattering
length got higher values, which is 26.5 for vibration influ-
enced one and 48.4 for the other. The vibrative affection re-
sults in a lower PSD than a vibration-free process due to large
atom losses. This results also verify the necessity about the
vibration isolation. We have to emphasize that the process un-
der vibration conditions that we present here is done without
substantial loss of atoms, which is occasionally happened.
V. CONCLUSION
In conclusion, with numerical method we study the cool-
ing process of rubidium atomic gases in the environments of
space station, including normal evaporative cooling and TSC
deep cooling processes. The results showed that the enlarged
scattering length could significant increasing phase space den-
sity of the cold atoms gas and shorten the process to get BEC
in the crossed beam optical dipole trap. It is likely that this
tuning method becomes a popular and powerful experimental
tool for neutral atoms cooling acceleration. It is disappointing
that the mechanical vibration can damage the cooling process
by significant atom loss occasionally and the situation would
very serious in the lower band of vibratory accelerations spec-
trum(ISS Data) which below 200Hz. Great measures should
be taken to isolate vibrations and reduce the accelerations ten-
fold at least. So we know that applying vibration isolation and
increasing scattering length by the magnetic tuning, one can
carry out the ultra-cold atom experiments stably and faster in
the space station environments, and finally reach the ultra-low
temperature of about 8pK through the TSC process.
ACKNOWLEDGMENTS
We thank Professor Shuyu Zhou for his helpful discus-
sions and suggestions. This work is supported by the National
Key Research and Development Program of China (Grant No.
2016YFA0301501), and the National Natural Science Foun-
dation of China (Grants No. 91736208, 11334001, 61727819,
61475007).
This article has been submitted to [Review of Scientific In-
struments]. After it is published, it will be found at Link.
1W. Ketterle and N. Van Druten, “Evaporative cooling of trapped atoms,”
in Advances in atomic, molecular, and optical physics, Vol. 37 (Elsevier,
1996) pp. 181–236.
2D. Jaksch, C. Bruder, J. I. Cirac, C. W. Gardiner, and P. Zoller, “Cold
bosonic atoms in optical lattices,” Physical Review Letters 81, 3108 (1998).
3A. Leanhardt, T. Pasquini, M. Saba, A. Schirotzek, Y. Shin, D. Kielpinski,
D. Pritchard, and W. Ketterle, “Cooling bose-einstein condensates below
500 picokelvin,” Science 301, 1513–1515 (2003).
4T. Kovachy, J. M. Hogan, A. Sugarbaker, S. M. Dickerson, C. A. Donnelly,
C. Overstreet, and M. A. Kasevich, “Matter wave lensing to picokelvin
temperatures,” Physical review letters 114, 143004 (2015).
5T. van Zoest, N. Gaaloul, Y. Singh, H. Ahlers, W. Herr, S. Seidel, W. Ert-
mer, E. Rasel, M. Eckart, E. Kajari, et al., “Bose-einstein condensation in
microgravity,” Science 328, 1540–1543 (2010).
6J. Rudolph, N. Gaaloul, Y. Singh, H. Ahlers, W. Herr, T. A. Schulze, S. T.
Seidel, C. Rode, V. Schkolnik, W. Ertmer, et al., “Degenerate quantum
gases in microgravity,” Microgravity Science and Technology 23, 287–292
(2011).
7J. Rudolph, W. Herr, C. Grzeschik, T. Sternke, A. Grote, M. Popp,
D. Becker, H. Müntinga, H. Ahlers, A. Peters, et al., “A high-flux bec
source for mobile atom interferometers,” New Journal of Physics 17,
065001 (2015).
8A. Kubelka-Lange, S. Herrmann, J. Grosse, C. Lämmerzahl, E. M. Rasel,
and C. Braxmaier, “A three-layer magnetic shielding for the maius-1 mis-
sion on a sounding rocket,” Review of Scientific Instruments 87, 063101
(2016).
9R. Geiger, V. Ménoret, G. Stern, N. Zahzam, P. Cheinet, B. Battelier,
A. Villing, F. Moron, M. Lours, Y. Bidel, et al., “Detecting inertial effects
with airborne matter-wave interferometry,” Nature communications 2, 474
(2011).
10N. Lundblad, T. Jarvis, D. Paseltiner, and C. Lannert, “Progress toward
studies of bubble-geometry bose-einstein condensates in microgravity with
a ground-based prototype of nasa cal,” in APS Division of Atomic, Molecu-
lar and Optical Physics Meeting Abstracts (2016).
11E. R. Elliott, M. C. Krutzik, J. R. Williams, R. J. Thompson, and D. C.
Aveline, “Nasa’s cold atom lab (cal): system development and ground test
status,” npj Microgravity 4, 16 (2018).
12H. Ammann and N. Christensen, “Delta kick cooling: A new method for
cooling atoms,” Physical review letters 78, 2088 (1997).
13L. Wang, P. Zhang, X.-Z. Chen, and Z.-Y. Ma, “Generating a picokelvin
ultracold atomic ensemble in microgravity,” Journal of Physics B: Atomic,
Molecular and Optical Physics 46, 195302 (2013).
14L. Tian, J. Tao, C. Xu-Zong, and M. Zhao-Yuan, “Optimized degenerate
bose-fermi mixture in microgravity: Dsmc simulation of sympathetic cool-
ing,” Chinese Physics Letters 31, 043401 (2014).
15T. Luan, H. Yao, L. Wang, C. Li, S. Yang, X. Chen, and Z. Ma, “Two-stage
crossed beam cooling with 6 li and 133 cs atoms in microgravity,” Optics
Express 23, 11378–11387 (2015).
16H. Yao, T. Luan, C. Li, Y. Zhang, Z. Ma, and X. Chen, “Comparison of
different techniques in optical trap for generating picokelvin 3d atom cloud
in microgravity,” Optics Communications 359, 123–128 (2016).
17T. Luan, Y. Li, X. Zhang, and X. Chen, “Realization of two-stage crossed
beam cooling and the comparison with delta-kick cooling in experiment,”
Review of Scientific Instruments 89, 123110 (2018).
18G. A. Bird and J. Brady, Molecular gas dynamics and the direct simulation
of gas flows, Vol. 5 (Clarendon press Oxford, 1994).
7Title
Te
m
pe
ra
tu
re
 (K
)
1e-12
1e-11
1e-10
1e-09
1e-08
1e-07
1e-06
Time(s)
0 2 4 6 8 10 12 14 16
 Non-Mag & Non-Vib  
 Mag & Non-Vib
 Mag & Vib
Non-Mag & Non-Vib
Mag & Non-Vib
Mag & Vib
(a) Temperature
Title
PS
D
0.1
1
10
100
Time (s)
0 1 2 3 4 5
Non-Mag & Non-Vib
Mag & Non-Vib
Mag & Vib
(b) Phase Space Density
FIG. 7. Simulation of TSC Process under Three cases: 1.‘normal’ cooling process without external magnetic field and vibration 2.magnetic
tuned process with scattering length and no vibration 3. cooling with randomly appearing vibration and magnetic tuned scattering length
19NASA, “Active rack isolation system (aris) user’s guide,” http:
//everyspec.com/NASA/NASA-JSC/NASA-SSP-PUBS/download.
php?spec=SSP_57006.029696.pdf.
20C. Chin, R. Grimm, P. Julienne, and E. Tiesinga, “Feshbach resonances in
ultracold gases,” Reviews of Modern Physics 82, 1225 (2010).
21M. Gehm, K. O’hara, T. Savard, and J. Thomas, “Dynamics of noise-
induced heating in atom traps,” Physical Review A 58, 3914 (1998).
22A. Moerdijk, B. Verhaar, and A. Axelsson, “Resonances in ultracold colli-
sions of li 6, li 7, and na 23,” Physical Review A 51, 4852 (1995).
23A. Marte, T. Volz, J. Schuster, S. Dürr, G. Rempe, E. Van Kempen, and
B. Verhaar, “Feshbach resonances in rubidium 87: Precision measurement
and analysis,” Physical Review Letters 89, 283202 (2002).
24S. L. Cornish, N. R. Claussen, J. L. Roberts, E. A. Cornell, and C. E.
Wieman, “Stable 85rb bose-einstein condensates with widely tunable inter-
actions,” Physical Review Letters 85, 1795 (2000).
25N. R. Claussen, S. Kokkelmans, S. T. Thompson, E. A. Donley, E. Hodby,
and C. Wieman, “Very-high-precision bound-state spectroscopy near a 85
rb feshbach resonance,” Physical Review A 67, 060701 (2003).
26J. Roberts, N. Claussen, J. P. Burke Jr, C. H. Greene, E. A. Cornell, and
C. Wieman, “Resonant magnetic field control of elastic scattering in cold
85rb,” Physical Review Letters 81, 5109 (1998).
27D. Harber, H. Lewandowski, J. McGuirk, and E. A. Cornell, “Effect of cold
collisions on spin coherence and resonance shifts in a magnetically trapped
ultracold gas,” Physical Review A 66, 053616 (2002).
